Abstract: Density functional theory (DFT) calculations were performed to examine the triplet states of ten iridium(III) complexes and the relationship between these states and the emission spectra of the complexes. Those complexes have ligands of terpyridine derivatives. Among them, complexes [IrBr(phen)(terpy)](PF 6 ) 2 (2) and [IrBr(phen)(tterpy)](PF 6 ) 2 (3) were newly synthesized for this study and exhibited pronounced phosphorescent emission. Here, phen is 1,10-phenanthroline, terpy is 2,2':6',2''-terpyridine and tterpy is 4'-(4-tolyl)-2,2':6',2''-terpyridine.
INTRODUCTION
Luminescent transition metal complexes have received increasing attention due to their potential applications as organic light-emitting diodes [1] [2] [3] [4] [5] [6] [7] . The polypyridine complexes of second-row and thirdrow d 6 transition metals in particular show useful spectroscopic and photophysical properties and have been widely studied. Those complexes exhibit strong phosphorescence due to the mixing of singlet and triplet excited states via spin-orbit coupling. Many computational studies have been carried out with the aim of better understanding the photophysical properties of such metal complexes [8] [9] [10] [11] [12] [13] [14] . Complexes based on Ir(III) are generally resistant to ligand exchange. This property is actually useful in an organic light-emitting material, and accordingly many Ir(III) complexes exhibit high quantum yields in their emission spectra. Ligands containing the bond sequences C-N-C-, N-C-N-, N-N-C-or N-N-N in addition to that of C-N or N-N [15] [16] [17] [18] complexes. Ir(III) complexes with those ligands exhibit a variety of emission wavelengths, corresponding to colors ranging from yellow to red. Although the majority of those compounds are strongly emissive, some complexes exhibit low quantum yields. Such low quantum yields have been attributed to cleavage of the Ir-ligand bond in the triplet excited states [19] [20] [21] . In our previous work [21] , phen containing iridium complexes were examined experimentally and computationally. However, the mechanism of the process, particularily in well studied terpyridine-containing Ir complexes, is not clear. In order to improve the low quantum yields of those complexes, it is therefore necessary to clarify the electronic structures, geometries and bonding associated with the triplet excited states.
In addition to the unclear mechanism of the low quantum yields, it has not been investigated by DFT calculations whether two or more triplet states are present in those complexes. The purpose of this study is to reveal the electronic structures and geometries of the triplet states of various Ir(III) complexes, and to understand the effects of these factors on the emission spectra of the complexes. DFT calculations were carried out to investigate ten Ir(III) complexes containing terpyridine derivatives as ligands. Among them, two new Ir(III) complexes 2 and 3 were synthesized and their emission spectra were also examined.
COMPUTATIONAL METHODS
DFT calculations for ten complexes were performed. The Gaussian09 program package [22] was used. The Becke three parameter hybrid exchange and the Lee-Yang-Parr correlation functional (B3LYP) [23, 24] were applied to the calculations. Geometries in the singlet closed-shell and triplet biradical states were optimized by the R(U)B3LYP method. As the basis sets, LANL2DZ [25] was used for the Ir 3+ ion, 6-311+G(d) was used for Br -and 6-311G(d) [26] was used for C, H and N atoms. Partial optimizations were initially used to determine the approximate gometries of the various triplet states (as an example, T c states were first optimized by applying a fixed long Ir-N distance). Subsequently, full optimization was performed to obtain stationary points or respective triplet states. Mulliken spin densities with the B3LYP method were computed, which has proven to provide reliable results [27] in comparison with other theoretical methods such as natural bond orbitals (NBO) or atoms in molecules (AIM). Table S2 for a summary of these data. Cartesian coordinates of the optimized geometries are also provided in Supporting Information.) The energy difference between the ground and triplet states were calculated by that of the sum of the SCRF = PCM [28] [29] [30] containing electronic energy and the gas-phase zero-point vibrational one. TDDFT calculations were made to examine the electron excitation affording a specific triplet state. Also, they were carried out to compare with UV absorption spetra of two new complexes (2 and 3).
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RESULT AND DISCUSSION

Models of complexes for DFT calculations
The structural formulae of the iridium(III) complexes examined are shown in Figure 1 . For 1, (2-5), (6) (7) (8) (9) and 10, the ionic valences are +3, +2, +1 and 0, respectively. In 3, 5, 8 and 9 aryl groups are attached to 4'-position of the terpy derivatives. Among ten complexes, 2 and 3 are new ones. Their syntheses and spectroscopic analyses are described in Expt. S1 ～ S4 (Supporting Information). For complexes 6-10, the reason why carbanion-containing ligands generally enhance the emission spectra was investigated.
The emission spectrum of the complex 1 [15] is illustrated in Scheme 1, along with the spectra of three additional carbanion-containing complexes: 5 [18] , 8 [17] , 9 [31] . These complexes exhibit a variety of emission wavelengths, corresponding to colors ranging from yellow to red. Complexes 1, 8 , and 9 except 5 are strongly emissive.
Triplet states of ten complexes in Figure 1
Distributions of Mulliken spin densities in the triplet states of the trivalent complex 1 are shown in Figure 2 Consequently, almost invariance or lengthening of the Ir-N bond can typically be used as an indicator of the nature of the triplet state (i.e. whether the state is T b or T c ). Figure 3 presents distributions of Mulliken spin densities in the triplet states of the divalent complexes 2, 3, 4 and 5. In the T b state of 2, the C17-C18 bond length of 1.402 Å is shorter than in the ground state S 0 of 2 (1.478 Å) (see also Table S2 in Supporting Information). Interestingly, there are differences between 2 and 3 in the localization of spin densities. These differences may be understood by considering the parallel spins illustrated in Scheme 2.
In 2, the spin density value of Ir (0.306) of the T b state is low. This low value suggests that the state consists of small metal-to-ligand charge transfer (MLCT) and large π-π* transition components.
In 1, the T b state is due almost entirely to π-π* transitions as a result of the low-lying (inactive) 5d π lone-pair orbitals of Ir 3+ and their correspondingly small contribution to the triplet state. In contrast, in 2 and 3, the out-of-phase combination of the bromide 4pπ and Ir 5d π lone-pair orbitals results in a highlying occupied orbital. This orbital readily allows the MLCT transition (see Scheme 3). Therefore, in 2 and 3, T b 's are composed of a relatively equal mixture of MLCT and π-π* transitions. As a result of the MLCT transition, the Ir-N7 distance of 2 in the T b state (2.051 Å) is slightly smaller than that in the S 0 state (2.089 Å). The electron loss in the out-of-plase orbital associated with the MLCT transition strengthens the Ir-Br bond of 2. Consequently, the bond length in the T b state is smaller than in the S 0 state (2.487 Å compared to 2.524 Å). Second, the character of the T c state is scrutinized. The T c states are associated with high spin densities (on the order of 1.2 to 1.3) at the Ir 3+ center. Through the heavy-atom effect, these contribute to significant spin-orbit interaction and hence to non-radiative relaxation. Therefore, when the T c state is stable [32] , non-radiative relaxation is enhanced and the quantum yield of the emission inevitably decreases. It is known that the non-radiative decay rate of an excited state increases exponentially as the energy gap between the triplet and ground states becomes small [33] . In this respect, the remarkably large difference of quantum yields < 0.001 of 4 and fwould come from that of their T c energy levels. 4 and 10 are isoelectronic complexes. It is examined how their T c states are generated by the electron excitation in the ground state (S 0 ). In the complex 4, the HOMO → LUMO+2 excitation which is included in the 6-th excited state (by TDDFT) gives the following (S 0 → T c ) geometrical change (Scheme 5). By the one electron loss of HOMO, the [5d xz -2p z (C 6 )] antibonding character is weakened, which results in the shortening of the Ir-C 6 distance, 1.985 Å in S 0 → 1.929 Å in T c (as shown in Figure 3 ). On the other hand, by the electron acceptance in LUMO+2, the antibonding character in Ir-N 2 and Ir-N 4 becomes elicited. Accordingly, these distances are enlarged, 2.095 Å in S 0 → 2.382 Å in T c . The similar (-*) type one-electron excitation is (HOMO → LUMO+6) in 10, which is shown in Scheme 6. The large excitation energy is required, which will give the unstable T c state. Thus, the contrast of < 0.001 of 4 [35] vs. f [2] is thought to arise from energy levels ( low in 4 vs. high in 10) of T c states. Figure 6 summarizes the differences of the sum of electronic and zero-point vibrational energies between the calculated triplet states (T b and T c ) and ground states (S 0 's). The experimental energy levels (T exp ) in this figure are taken from peaks observed in the emission spectra found in references [2, 15, 17, 18, 31, 34, 35] as well as from spectra obtained in Table S1 of the present work for 2 and 3. The data in this figure demonstrate that the calculated (T b -S 0 ) energy differences are closer to the experimentally derived values than are the (T c -S 0 ) differences. For example, in the case of 8, the calculated value for T b of 2.205 eV is almost identical to the experimental value of 2.230 eV (77K), while the value for T c is 2.536 eV. The T b state is thought to be the emitter triplet state, while the T c state is considered to be associated with non-radiative decay.
Energies of the calculated triplet states
In the case of the divalent complexes 4 and 5, the T c energy levels are low (1.916 eV and 2.136 eV), which would come to the low quantum yields Φ ≤ 0.001. The contrast between (HOMO → LUMO+2) in 4 and (HOMO → LUMO+6) in 10 is correctly reflected in the significantly different T c energies, 1.916 eV of 4 and 2.511 eV of 10, where the more stable T c state corresponds to the enhanced nonradiative decay.
CONCLUSION
In this work, DFT calculations of ten iridium(III) complexes were carried out to analyze their triplet states. These electronic structures of a variety of ionic valences were investigated. Almost all of the complexes were found to have two triplet states, T b and T c . The T b state represents a combination of π-π* and MLCT transitions, and the relative proportions of these two components vary with the ionic valence. The calculated (T b -S 0 ) energy differences were found to be in good agreement with energy values derived experimentally from measured emission wavelengths.
The T c state is brought about by the elongation of the collinear N-Ir-N coordination bond. This state is associated with the transition depicted in Scheme 5 and 6 and localization of spin density at the Ir center. The transition is the embodiment of the so called (d, d * ) transition. Therefore, when the energy level of the T c state is low, non-radiative relaxation becomes dominant and accordingly the emission quantum yield is poor.
This study seems to be successful in elucidating the specific characteristics of the two triplet states and is able to determine that the T b state is the source of the phosphorescent emission of those complexes.
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